Substitution of fishmeal with alternate proteins in aquafeeds often results in dietary imbalances of first-limiting essential amino acids (EAA) and poorer fish performance. This growth trial was undertaken to test the hypothesis that ideal protein theory accurately predicts first-limiting amino acids and optimum lysine level for a fishmeal-free, commercial-grade diet formulated for hybrid striped bass (HSB). The ideal model for formulation was the amino acid pattern of hybrid striped bass muscle. A negative control diet based on soybean (45%), corn gluten (10%), and poultry by-product (13%) meals was formulated on an ideal basis to contain 18% lipid, 40% crude protein (CP), 36% digestible protein (DP) and 1.8% Lys from intact sources. Met and Thr were then added at levels equivalent to 40% protein from HSB muscle to form a basal diet that was fortified with seven levels of Lys (2.2 to 6.4 g/g diet) that bracketed the predicted ideal Lys requirement (3.5 g/g diet) for this formulation. Diets were extruded to achieve similar characteristics as a commercial-grade feed and fed to juvenile fish (118 g BW) for 84 d. Response data were subjected to polynomial and exponential regression and the best model per response selected based on the lowest error (MSE) and p-values and the highest adjusted R 2 . Selected models were used to derive dietary Lys levels required to reach 95% (R95) or 99% (R99) of the minimum or maximum response. Final fish weights (328-369 g) increased linearly with increasing dietary Lys. Weight gain, average daily feed intake (1.42-1.7%), and feed efficiencies at 4-, 8-, and 12-week intervals were modeled by cubic functions that yielded consistent R95 and R99 levels of about 2.4 and 4.3 g Lys/g diet, respectively. These values evenly bracketed the predicted ideal Lys requirement. Slightly higher Lys requirement was found for optimum FE at 4 weeks and smaller fish, as opposed to 8 or 12 weeks and larger fish. Whole body composition was unresponsive to diet Lys level; however, higher dietary Lys was required to minimize liver size (4.8 to 5.2 g Lys/g diet) than to minimize body fat (2.5 to 3.1 g Lys/g diet) or maximize muscle ratio (1.8 to 3.9 g Lys/g diet). Whole body protein, lipid, energy, and EAA retentions were also consistent with cubic functions that generally confirmed the predicted ideal Lys requirement with notable exceptions. Retention of Lys decreased exponentially with increasing dietary Lys, whereas, Met retention decreased in a linear fashion, corroborating that Met was first-limiting in this diet formula, as predicted. Retention of Thr and branched-chain amino acids were optimized at higher Lys levels (3.9-4.5 g/g diet) than those required to maximize growth parameters. Protein accretion (g/fish/d) responded quadratically to Lys intake predicting maximum deposition at 0.10 to 0.16 g Lys/fish/d. Histological assessment of intestines in fish fed these high-soybean meal test diets did not reveal any lesions associated with enteritis for any diet and overall normal intestinal morphology was observed in all fish sampled.
With the current emphasis on developing commercial aquaculture diets that minimize or eliminate inclusion of fishmeal, the use of alternate proteins in least-cost formulas often results in dietary imbalances of some essential amino acids (EAA) and poorer fish performance.
Lysine, methionine, and threonine are typically identified as first limiting in fishmeal replacement diets and the order of limitation among these three will depend on the mix and composition of proteins in the formula, the requirement model used to optimize the formula, and the ingredient composition data employed to meet nutrient requirements of the animal. Diets formulated to meet essential nutrient needs based on tabulated ingredient composition typically perform poorer than those that also take into account the availability of nutrients to the fish of interest from the specific ingredients used in a particular formula. Secondly, diets formulated to meet amino acid requirements derived from dose-response experiments with purified or semipurified diets (Griffin et al., 1992; Keembiyehetty and Gatlin, 1992) often fall short of the performance of diets fortified with amino acids at levels and ratios suggested by alternative models of requirement. (Brown, 1995; Gaylord and Rawles, 2005; Small and Soares, 1998; Twibell et al., 2003) . The lysine requirements of HSB bass, for example, have been reported to be 1.4% of the diet or 4% of the dietary protein by two independent laboratories using purified or semi-purified diets (Griffin et al., 1992; Keembiyehetty and Gatlin, 1992) . However, subsequent research has demonstrated that this level of lysine was notably inadequate in supporting optimal growth and efficiency when diets were manufactured from ingredients common in commercial feeds (Gaylord and Rawles, 2005; Rawles et al., 2009; Small and Soares, 1998) . Therefore dietary concentrations of lysine, when commercial style formulations and ingredients are used, are likely higher for HSB than the previously determined requirement estimates.
There has been a significant amount of research directed at optimizing first-limiting amino acids in fishmeal replacement diets, particularly lysine in plant-protein based formulas. Many of these studies employed dose-response diets that were based on both the composition and availability of essential nutrients determined in the fish of interest as well as in the specific batches of ingredients used for those diets, rather than a priori values from published composition tables. Therefore, species differences and batch-to-batch ingredient variability were removed as confounding factors, and very specific requirement estimates could be derived. One potential limitation of such studies, however, is that commercial feed mills use ingredient matrices developed over time for their formulation software and not necessarily updated with composition data from each batch of ingredient that enters the mill. Secondly, requirement estimates for first limiting amino acids may be missing for a particular species of interest, leaving uncertainty in the optimum level to set for formulation.
Ideal protein is one model of amino acid requirement that demands less data in terms of dose-response requirement estimates in the fish of interest. Rather diets are formulated to match the levels and ratios of essential amino acids in the profile of an appropriate tissue from the fish of interest, e.g., whole body or muscle, or in the primary protein being replaced, e.g., fishmeal, that putatively represents the perfect ratio among essential amino acids required for maintenance and production, i.e., the ideal protein (Boisen et al., 2000; Fuller et al., 1979 Fuller et al., , 1989 . If the ideal protein profile is assumed constant then the requirements for all essential amino acids can be calculated when the requirement for one is determined. Since lysine is typically first limiting in diets and is not used to synthesize nitrogen containing compounds, the ideal profile is usually expressed relative to the requirement for available Lys. However, the crux of formulating high performing diets using an ideal model is the accuracy of both the nutrient composition and digestibility/availability coefficients of the ingredients chosen for inclusion in a particular diet as well as the lysine concentration deemed to meet the requirement. Whether the lysine requirement is as high as predicted using an Ideal EAA profile of HSB muscle and the established protein requirement based on fish meal diets, as previously suggested (Gaylord and Rawles, 2005; Rawles et al., 2009) , has yet to be determined. Fortunately, Boisen et al. (2000) notes that "the accuracy of the ideal pattern does not rely on a correct estimate of the available amount of one particular amino acid." The question then arises, how robust is the muscle ideal protein model for diet formulation purposes when Lys is not first limiting, which can occur depending on the chosen mix of protein sources, and when composition and availability data are not determined in situ? Hence, the goal of this study was to test the hypothesis that ideal protein theory sufficiently predicts first-limiting amino acids and optimum Lys supplementation needed to maximize performance of a fishmeal-free diet for hybrid striped bass when combined with nutrient digestibility/ availability data obtained in feedstuffs of interest.
Materials and methods

Diets and experimental design
A practical diet for hybrid striped bass was formulated without fishmeal and supplemented with Met and Thr and varying levels of Lys to form a series of nine dose-response diets that were fed to triplicate tanks of juvenile sunshine bass for 12 weeks (Table 1 ). An unsupplemented (negative basal) diet (D1) based on soybean meal (45%), corn gluten meal (10%), and poultry by-product meal (13%) was formulated on an ideal basis to contain 40% crude protein (CP), 36% digestible protein (DP), and 18% lipid from a combination of menhaden fish oil (10%), poultry fat (5.7%) and intact sources. The ideal model for formulation was the amino acid pattern of hybrid striped bass muscle (Gaylord and Rawles, 2005) at 40% DP. Coefficients of gross nutrient digestibility and amino acid availability determined in the protein sources in prior trials (Barrows et al., 2011) were used to formulate the negative basal diet. Based on those values, available Met (0.57%), Lys (1.84%), and Thr (1.44%) in the D1 diet were predicted to be first, second, and third limiting, respectively, when compared to the ideal model (Table 2) . However, based on the formulated total levels of sulfur amino acids (1.12%), Lys (1.99%), and Thr (1.55%), predicted levels were replete with respect to their requirement estimates (Griffin et al., 1992 (Griffin et al., , 1994 Keembiyehetty and Gatlin, 1992 . Therefore, to test our hypothesis, a supplemented basal diet (D2) was formulated by adding Met (first-limiting) and Thr (third-limiting) at 7.5 and 8.8 g/kg, respectively, to the D1 formula to match levels in the ideal model (Table 2 ). The basal diet formula (D2) was then fortified with seven additional levels of lysine HCl (diets D3-D9) at the expense of wheat starch in increments of 0.325 g Lys/100 g of diet. Hence, the supplemented diets (D2-D9) were targeted to contain 1.84, 2.17, 2.49, 2.82, 3.14, 3.47, 5.09, and 6.72 g available Lys/100 g diet, respectively. These concentrations amounted to 1.3 to 4.8 times the Lys requirement of HSB (NRC, 2011) and bracketed the predicted ideal requirement (3.47 Lys g/100 g diet) for this formulation by nearly 2 fold on each side of the predicted requirement as previously suggested (Berge et al., 1998; Espe et al., 2007) . Analyzed concentrations of Lys in the test diets (Table 2) were within 5% of formulated levels except for diets D4 and D5 which were 12% and 16% higher, respectively, than their targeted concentrations. Therefore, all statistical analyses and interpretation were based on the measured concentrations of Lys in the test diets.
Diets were manufactured with commercial methods starting with ingredient grinding, as needed, to a particle size of b200 μm using an air-swept pulverizer (Model 18H; Jacobsen, Minneapolis, MN). Ingredients minus fish oil were combined in a paddle mixer (Marion Mixers, Inc., Marion, IA) and extruded using a twin-screw cooking extruder (DNDL-44, Buhler AG, Uzwil, Switzerland) at the Bozeman Fish Technology Center, Bozeman, Montana. Diet mash was exposed to an average of 114°C for 18-s in five barrel sections and the last section was water cooled to an average temperature of 83°C. Pressure at the die head varied from 300 to 580 psi depending on the diet formulation. The 5.0-mm floating pellets were manufactured through a 3-mm die and were then dried in a pulse bed drier (Buhler AG, Uzwil, Switzerland) for 20 min at 102°C and cooled at ambient air temperatures for final moisture levels of b10%. Fish oil was applied using a Phlauer vacuum infusion coater (A & J Mixing, Ontario, Canada) after the pellets were cooled. Diets were bagged and shipped to the USDA/ ARS -Harry K. Dupree Stuttgart National Aquaculture Research Center (HKDSNARC; Stuttgart, AR) where they were stored in a temperature controlled room until use.
Fish, culture system, and feeding
The feeding trial was conducted in tanks at HKDSNARC over an 84 day period from December 10, 2010 to March 7, 2011. Juvenile hybrid striped bass, Morone chrysops × M. saxatilis, that were spawned and reared in-house were individually marked with passive integrated transponder (PIT) tags (Biomark, Inc., Boise, ID) in the dorsal musculature and acclimated to the culture system for four weeks prior to initiation of the feeding experiment. During the acclimation period, fish were fed a standard commercial 40% protein/12% lipid hybrid striped bass feed (Cargill Nutrition, Franklinton, LA) at 1.5% of body weight/d to maintain good condition with minimal growth. Prior to the start of the experiment, all fish were pooled, then individually weighed (118.4 ± 0.9 g; average initial weight ± SE) and randomly stocked (35 fish/tank) into 27 circular fiberglass tanks (0.63 m 3 ) supplied with flow-through well-water (24°C; 4 L/min/tank) and ample aeration from a regenerative blower. A subsample of nine randomly selected fish from the original stock was frozen at this time for later determination of initial whole body composition. Each replicate tank of fish was randomly assigned an individually weighed bucket of feed with appropriate diet in order to calculate daily intake. Fish were fed to satiation once daily from 1000 to 1200 h and feed intake was determined as previously described (Rawles et al., 2012) . Fish were individually weighed at four week intervals after withholding feed on the morning of weighing in order to periodically monitor sufficiency of satiation feeding and to estimate feed efficiency at different growth stanzas. Animal care and experimental protocols in this study were carried out according to HKDSNARC Institutional Animal Care and Use Committee policies which conform to USDA/ARS Policies and Procedures 130.4 and 635.1.
Fish and tissue sampling
On the last day of the trial, feed was withheld and all fish were individually weighed. Three fish were randomly selected from each tank for the determination of whole body composition and nutrient retention. Eight additional fish per tank were dissected for body composition indices that included hepatosomatic index (HSI), intraperitoneal fat (IPF) ratio, and muscle ratio (MR). Whole bodies of initial fish and fish from each tank at the end of the trial were homogenized and analyzed as individuals. Individual whole fish were ground into a fine paste using a Retsch knife mill (Grindomix GM300, Retsch GmbH, Haan, Germany) and two 50-100 g aliquots of each homogenate were packed into plastic trays and lyophilized (FreeZone® Triad™ freeze-drier, Model 7400030, Labconco, Inc., Kansas City, MO). Lyophilized samples were ground in a Thomas-Wiley mill (Model 4, Thomas Scientific Inc., Swedesboro, NJ) to produce a uniform powder for analysis. Two aliquots from each whole body ground homogenate were analyzed and averaged to obtain one representative value per fish. Mean values from three fish per tank (i.e., 9 fish/diet) were averaged to represent the tank value for that analyte.
Because test diets contained a high level of soybean meal (45%), intestine was collected for the histological assessment of enteritis using similar approaches to those previously described (Laporte and Trushenski, 2012; Urán et al., 2008b) . Six fish per diet from diets D3, D5, D7, and D9 were obtained by removing two fish from each of the three replicate tanks for that diet and intestinal portions, approximately 1 cm in length, of the proximal and distal intestine were collected. After removal, tissues were immediately fixed in Davidson's solution (ENG Scientific, Clifton, New Jersey, USA) for 24 h. Fixed tissues were rinsed with water and stored in 50% isopropanol until processing. Stored tissues were dehydrated through a graded series of isopropanol, cleared in Citri-Solv (Fisher Scientific, Pittsburgh, Pennsylvania, USA) and embedded in Paraplast Plus (Oxford Labware, St. Louis, Missouri, USA) with a Leica TP1020 tissue processor and a Leica EG1160 sample preparation station (Leica Microsystems, Buffalo Grove, IL). Intestinal segments were serially sectioned (transverse orientation; 4-6 μm thick) with a Leica RM2135 microtome and stained with hematoxylin and eosin (Stevens and Wilson, 1996) . Three sections of both the proximal and distal intestine per fish were blindly evaluated for lesions associated with enteritis.
Diet and tissue chemical analyses
Proximate composition of diets and fish was determined according to standard methods (AOAC, 2005; AOCS, 2009) . Briefly, moisture was determined after drying in a convection oven (Isotemp 750F, Fisher Scientific, Hanover Park, IL). Protein (N × 6.25) was determined by the Dumas method using a LECO nitrogen analyzer (FP428, LECO Corporation, St. Joseph, MI). Total energy was determined by isoperibol bomb calorimetry (Parr1281, Parr Instrument Company Inc., Moline, IL). Lipid in diets and ingredients was determined by gravimetric quantification following hydrolysis in 3 N HCl and petroleum ether extraction (AOCS, 2009; Method AM 5-04) in an ANKOM XT15 lipid extractor (ANKOM Technology, Inc., Macedon, NY). Tissue lipids were similarly determined without the hydrolysis step. Diet and tissue samples were also subjected to acid hydrolysis according to Rayner (1985) without the addition of thioglycollic acid followed by amino acid analysis according to the methods of Henderson et al. (2006) on a high-performance liquid chromatography system (HP1100; Agilent Technologies, Wilmington, DE) equipped with a reversed-phase analytical column (Agilent Zorbax AAA 3.0 × 150 mm, 3.5 μm) and fluorescence detector (Hewlett-Packard G1321-A).
Calculations and statistical analysis
Feed efficiency; FE ¼ g weight gained=g dry feed consumed;
Lys intake mg Lys=fish=day ð Þ ¼ g dry feed consumed x Lys ½ diet À Á =fish number=culture days x 1000;
Protein accretion mg protein=fish=day ð Response data were subjected to polynomial regression in PROC REG and nonlinear regression in PROC NLIN of SAS version 9.1.3 (SAS Institute, Inc., Cary, NC) to fit the most parsimonious model (Ratkowski, 1990) of response with respect to analyzed concentrations of Lys in the test diets. Responses to the unsupplemented negative control diet (D1) were used for qualitative comparison and were not included in the regression analysis. Individual tank data (n = 24) from diets D2-D9 were used in all regressions except protein accretion with respect to lysine intake in which diet means (n = 8) were modeled. Parsimony was achieved by selecting the significant model (p ≤ 0.05) with the lowest mean square error (MSE) and highest adjusted R 2 ≥ 0.25. The adjusted R 2 accounts for differences in model degrees of freedom due to more or less observations and/or unknown parameters being estimated and allows unbiased comparison of regression fits among model types. The adjusted R 2 was calculated according to Kvalseth (1985) as follows:
where SS reg is the regression sum of squares, SS cor is the corrected total sum of squares, n is the number of observations, and m is the number of unknown parameters being estimated for each model type.
Model types applicable to the observed responses included the following:
Linear: y = bx + c, where b is the slope of the response and c is the intercept on the response (y) axis.
Quadratic: y = ax 2 + bx + c, where a b 0 is a concave downward function with maximum response and a > 0 is concave upward with minimum response, b determines the shift in vertex along the dietary Lys concentration (x) axis, c determines the shift in vertex along the response (y) axis, and the maximum or minimum response (y max, min ) is defined as −b/2a.
Cubic: y = zx 3 + ax 2 + bx + c, where the local minima or maxima y-response is defined as y ¼
when the function is not monotonic. When monotonic, i.e., no local maxima or minima, the point of inflection along the x-axis defines the dietary Lys concentration Table 2 The difference in essential amino acid content (g/100 g) in 40% digestible protein from hybrid striped bass (HSB) muscle, an unsupplemented fishmeal-free diet (D1) and the analyzed levels (g/100-g diet) of amino acids in the respective test diets. where the response curve changes from decreasing to increasing slope, or vice versa, and is calculated as x = −2a/6z.
, where a is the minimum asymptotic response value, c is the theoretical maximum y-response, and b defines the steepness of the response curve.
In the case of nonlinear, non-monotonic relationships, the plateau value R100, i.e., the dietary lysine level (x) required to reach 100% of the minimum or maximum y-response was determined by solving for x once y max, min was known. Similarly, the plateau values R95 and R99 -the dietary lysine levels (x) required to reach 95% or 99% of the minimum or maximum y-response, respectively -were calculated either iteratively or analytically (Rodehutscord and Pack, 1999) to provide, where possible, 95% and 99% confidence intervals about the R100 value.
Results
Growth and feed performance
With the exception of final fish weights and protein accretion, hybrid striped bass growth metrics were best modeled by cubic functions of Lys concentration in the diets (Table 3) . Mean final fish weights ranged from 328 g to 369 g with corresponding gains of 180% to 203% of initial weight (Table 3) ; therefore, some fish tripled their weight after 84 days of culture. There were no mortalities in the trial, although one fish was removed from the study after it escaped its tank. Final weight increased as a linear function (p = 0.002; R 2 = 0.325), whereas weight gain increased as a cubic function (p = 0.033; R 2 = 0.863) of Lys level in the supplemented (D2-D9) diets (Fig. 1, top panel) . Final weights and weight gains of fish fed the unsupplemented negative control diet (D1) were approximately 3% and 5% lower, respectively, than the poorest performing supplemented diets, but 12.5% lower than the best performing supplemented diets. Weight gains were optimized between 2.7 and 4.1 g Lys/100 g diet to achieve R95 and R99 plateau values, respectively. Although daily feed intake fluctuated widely from 1% to over 5% of body weight on a day-to-day basis (data not shown), ADI ranged more narrowly from 1.4% to 1.7% of average body weight as a cubic function of dietary Lys level. ADI was 95% and 99% of minimum at 2.7 and 3.6 g Lys/ 100 g diet, respectively. Lysine intake (mg/fish/day) fit a monotonic cubic function (p b 0.001; R 2 = 0.989) of diet concentration and increased from 57 mg/fish/day in the lowest supplemented diet (D2) to 267 mg/fish/day at the highest level of Lys supplementation (D9). Feed efficiencies after 12 weeks of feeding (FE12) ranged from 0.695 to 0.844 and were lower than those observed after only 4 weeks (FE4) and 8 weeks (FE8) of feeding (Table 3 ). The Lys requirement to achieve 95% and 99% of maximum feeding efficiency (Table 3 ) was higher in smaller fish at 4 weeks of feeding (2.9 to 4.2 g Lys/100 g diet, respectively) than that required for larger fish after 12 weeks of feeding (2.4 and 3.9 g Lys/100 g diet, respectively; Fig. 1 ., bottom panel). Protein accretion was lowest in fish fed the D1 diet at 433 mg protein/fish/day and 5% lower than the lowest observed protein gain (454 mg/fish/day) in fish fed the supplemented basal diet (D2). Protein accretion increased for decreasing functions). NR denotes "no relationship", i.e., p > 0.05 and R 2 b 0.25 for any regression relationship explored. 5 Model parameters as defined in footnote 4 above. Plateau values R99 and R95 are the dietary lysine levels (g Lys/100 g diet) required to reach 99 or 95% of the minimum or maximum response, respectively. 6 Monotonic function, i.e., no local maxima or minima. 7 Lower limit of estimation corresponds to a y-value that is 98% (R98) of the minimum average daily feed intake (ADI). 8 Lower limit of estimation corresponds to a y-value that is 97.6% (R97.6) of the maximum feed efficiency at 8 weeks (FE8).
as a quadratic function of both diet Lys level (Table 3 ) and mean Lys intake (Fig. 2) . The Lys requirement to reach 95% and 99% of maximum protein accretion was 2.8 and 4.3 g Lys/100 g diet, respectively (Table 3) , and corresponded to 103 and 158 mg Lys/fish/day, respectively (Fig. 2) .
Body composition and composition indices
Whole body composition appeared unresponsive to diet Lys level (Table 4) . On a fresh-weight basis, mean (± SE) whole body protein (%), lipid (%), energy (kcal/kg) and moisture (%) were 41.3 ± 0.4, 20.1 ± 0.3, 4163 ± 15, and 69.5 ± 0.2, respectively. On the other hand, body condition indices were best fit by 3rd order polynomials (R 2 = 0.41-0.44) in response to diet Lys concentration (Table 4 ).
Higher dietary Lys was required to reduce liver size (HSI) to within 95% to 99% of minimum at 4.8 to 5.2 g Lys/100 g diet, respectively, than to reduce body fat (IPF) at 2.5 to 3.1 g Lys/100 g diet (Fig. 3 , bottom panel), or to maximize muscle ratio at 1.8 to 3.9 g Lys/100 g diet (Fig. 3, top panel) . Higher IPF was observed in fish fed the unsupplemented basal diet (D1) when compared to those fed the supplemented diets (Fig. 3, bottom panel) .
Nutrient, energy, and amino acid retention
Whole body protein, lipid, energy, and EAA retentions were also consistent with cubic functions of dietary Lys level with notable exceptions (Table 5 ). Whole body protein retention was best modeled by a monotonic cubic function (p b 0.001; R 2 = 0.800; adj R 2 = 0.770; MSE = 2.46). The cubic inflection point at x = 3.0 g Lys/100 g of diet denotes the dietary lysine concentration after which protein retention decreases more rapidly, i.e., diminishing returns. Lower Lys requirements were found to maximize lipid retention (2.2-3.5 g Lys/100 g Fig. 1 . Mean (±SE) weight gain (top panel) and feed efficiency (bottom panel) in hybrid striped bass fed a fishmeal-free diet supplemented with Met and Thr and increasing levels of Lys for 12 weeks. Open-square (□) means are responses to the supplemented diets (D2-D9); closed square (■) mean is response to the unsupplemented diet (D1; not included in regression fit). Fig. 2 . Mean (± SE) protein accretion (mg/fish/day) in relation to mean Lys intake (mg/fish/day) in hybrid striped bass fed a fishmeal-free diet supplemented with Met and Thr and increasing levels of Lys for 12 weeks. Open-square (□) mean is response to the unsupplemented diet (D1; not included in regression fit) and closed square (■) means are responses to the supplemented diets (D2-D9). The Lys requirement to reach 95 and 99% of maximum protein accretion is 103 and 158 mg Lys/fish/day, respectively. crude protein (%), Lipid (%), Energy (kcal/kg), and Moisture (%), HSI: hepatosomatic index (%) = (liver mass x 100)/fish mass, IPF: intraperitoneal fat (%) = (intraperitoneal fat mass * 100)/fish mass, MR: muscle ratio (%) = (fillet with rib mass * 100)/fish mass. Diet LYS level effect was considered significant at p ≤ 0.05 and R 2 ≥ 0.25. 2 Diet Lys concentration (analyzed) on a dry-weight basis. 3 Negative basal diet, -Basal (D1), was not supplemented with Lys, Met, or Thr and measured 1.93 g Lys/100 g diet from intact protein 4 Models are described in Table 3, footnote   4 . NR denotes "no relationship", i.e., p > 0.05 and R 2 b 0.25 for any regression relationship explored. 5 Model parameters and plateau levels are defined in Table 3 , footnote 5 . 6 Lower limit of estimation; corresponds to a y-value that is 97% (R97) of the maximum muscle ratio (MR). diet) than to maximize total diet energy retention (3.3-4.1 g Lys/100 g diet).
Retention of Lys decreased exponentially (p b 0.001; R 2 = 0.848) with increasing dietary Lys (Table 5 ; Fig. 4 , top panel). Lysine retention in the unsupplemented basal diet (D1) was 42% and markedly lower than Lys retention in the supplemented basal diet (D2) at 58% (Table 5) . On the other hand, methionine retention in the supplemented diets decreased in a slow linear (p = 0.004; R 2 = 0.314) fashion (Table 5 ; Fig. 4 , middle panel) and was notably lower, at 23-37%, than the unsupplemented diet at 68% retention efficiency. Threonine retention was well modeled (p = 0.002; R 2 = 0.512) by a cubic function with R95 and R99 values of 3.7 and 4.3 g Lys/100 g diet (Table 5 ; Fig. 4 , bottom panel). Retention of Thr was also higher in the unsupplemented basal diet (36%) than in the supplemented diets (20-29%). Retention of His, on the other hand, responded quadratically to dietary Lys level with 3.1 and 3.7 g Lys/100 g diet required to reach 95 and 99% of maximum retention (Table 5 ; Fig. 5 ). Histidine retention in the unsupplemented basal diet (28.6%) was slightly higher than that observed in the Met and Thr supplemented basal diet (27.4%). Arginine retention was optimized at a lower Lys concentration (2.5-3.8 g Lys/100 g diet) than that required to optimize branched-chain amino acids (about 3.7-4.5 g Lys/100 g diet). Similar to Lys, the retention of Arg in the unsupplemented basal diet (29%) was lower than that of the Met and Thr supplemented basal diet (35%). The retention of Leu and Val in the unsupplemented basal diet was on par with retentions observed in the supplemented basal diet, while the retention of Ile in D1 was slightly lower than that of D2. Retention of Phe appeared unresponsive to dietary Lys concentration (Table 5) .
Histological evaluation
Histological evaluation of proximal and distal intestine did not reveal any lesions associated with enteritis in any diet (not shown). Collectively, the intestines examined showed normal intestinal morphology with slender and discrete mucosal folds, well-vacuolated enterocytes, lamina propria of diminutive thickness, and characteristic goblet cell abundance and distribution. Infrequently, small numbers of eosinophilic granular cells were noted in the lamina propria or the submucosa, but the quantity and localization of this cell type was similar among all fish examined.
Discussion
Different approaches to establishing the essential amino acid (EAA) requirements of cultured moronids have been promulgated. Brown (1995) used the established Lys requirement from Griffin et al. (1992) and the ratio of EAA in whole body HSB to supplement casein-gelatin diets with crystalline amino acids that matched 100% of the whole body EAA profile. Interestingly, the concentration of Lys in their whole body samples (1.41 g Lys/100 g) was almost identical to the estimated requirement by Griffin et al. (1992) . They concluded that refinements were needed to optimize performance of their diets that ranged from 32% to 40% crude protein relative to a fishmeal-based diet formulated Fig. 3 . Mean (±SE) muscle ratio (top panel) and intraperitoneal fat (IPF; bottom panel) in hybrid striped bass fed a fishmeal-free diet supplemented with Met and Thr and increasing levels of Lys for 12 weeks. Open-square (□) means are responses to the supplemented diets (D2-D9); closed square (■) mean is response to the unsupplemented diet (D1; not included in regression fit). The lower limit of estimation for muscle ratio corresponds to a y-value that is 97% (R97) of the maximum muscle ratio (MR).
for salmonids at 36% crude protein. Twibell et al. (2003) extended the previous results using the same technique and assumptions of Brown (1995) by supplementing 35% crude protein casein-gelatin diets with crystalline amino acids to match 100% to 140% of the whole body EAA profile of HSB. They concluded that 120% of the whole body EAA profile, which included 1.7 g Lys/100 g diet, was required to optimize performance of their semi-purified diets relative to a fishmeal-based diet. Moreover, higher levels of Thr, Ile, and Trp were required than those suggested by the whole body ratios. Small and Soares (1998) used a mix of practical ingredients, the EAA profile of striped bass fillet, and supplemental lysine HCL to form a series of commercial style diets with varying levels of Lys (1.57-2.65 g/100 g diet). Their subsequent requirement estimate for striped bass based on non-linear regression (2.2 g Lys/100 g diet) exceeded the original requirement estimate by 57%. It is important to note that crude protein in the practical diets tested by Small and Soares (1998) ranged from 31% to 42% and an average amino acid availability of 85% was assumed; therefore, digestible protein (DP) probably ranged from 26% to 36%.
In contrast, our previous work in both hybrid striped bass (Gaylord and Rawles, 2005; Rawles et al., 2009 Rawles et al., , 2011 and rainbow trout (Gaylord and Barrows, 2009) suggests that the lysine requirement of these carnivorous species may be as high as 3.5-3.9 g Lys/g diet in commercial formulas when reliable ingredient composition and nutrient availability data are used for formulation and diet DP is targeted at 40% to 45%, respectively. The current R95 to R100 parameter estimates generally support our previous findings that the dietary level of lysine required to optimize typical growth metrics in hybrid striped bass fed commercial diets is near the level suggested by the muscle profile at the target DP. Therefore, though Lys was not first limiting in our test diets and imbalances in amino acids in some of the test diets potentially exist, it appears that ideal protein theory sufficiently predicts first-limiting amino acids and optimum Lys supplementation needed to improve performance of a fishmeal-free diet for hybrid striped bass when combined with reliable nutrient availability data. It is also important to point out that fish in this study accepted all test diets extremely well, which is confirmed by exemplary growth since fish more than tripled their weight in 12 weeks. Although average daily intake (ADI) decreased as a cubic function of increasing Lys in the diet at lower levels of Lys supplementation, ADI dramatically increased to 1.7% at the highest level of supplementation (Table 3) suggesting that intake was not a reflection of poorer palatability but of higher efficiency in the region of dietary Lys close to the optimum where weight gain, feed efficiency, and protein accretion were also maximized. The dramatic increase in feed intake at the highest diet Lys concentration may reflect a compensatory feeding response to a highly imbalanced diet as suggested by Yamamoto et al. (2001) . Finally, even though the relationship between feed efficiency and diet Lys concentration at 4 weeks was not exceptionally strong (R 2 = 0.28; p = 0.08), there was an evident decline in Lys required to maximize feed efficiency from 4 weeks (R95 = 2.9 g Lys/100 g diet), to 8 weeks (2.8 g Lys/100 g diet), to 12 weeks (2.4 g Lys/100 g diet) of growth with commiserate increases in the statistical significance (p b 0.0001) and correlations of the relationships at weeks 8 (R 2 = 0.70) and 12 (R 2 = 0.77), which are consistent with our current understanding of the higher nutrient requirements of younger, faster growing animals. In contrast to some reports, we did not find a difference in Lys requirements for maximizing muscle ratio as opposed to growth when several works reported higher Lys requirements for muscle mass as opposed to weight gain in poultry (Hickling et al., 1990; Moran and Bilgili, 1990) and fish. For example, Espe et al. (2007) found a lower level of Lys (3.2 g Lys/16 g N) required to maximize weight gain as opposed to protein accretion (5 g Lys/16 g N) in Atlantic salmon Salmo salar relative to a fishmeal control diet, while Zhou et al. (2010) found higher levels of Arg were required to maximize other essential amino acid retentions in black sea bream Sparus macrocephalus than those found to maximize growth. Most likely, our lack of differences in Lys requirements for maximizing muscle ratio vis-à-vis growth are a result of balancing dietary amino acids to the ideal muscle levels, whereas, the studies cited above used NRC poultry, fishmeal, or whole body amino acid levels as their reference levels. Table 5 Protein, lipid, energy and essential amino acid retention in hybrid striped bass (118.4 ± 0.9 g initial weight) fed a soy, corn gluten, poultry by-product based diet supplemented with increasing levels of L-lysine • HCL for 12 weeks. Values are least squares means of N = 3 replicate tanks of fish per diet Lys level. 1 Retention efficiency = (g or cal gain x 100)/(g or cal fed). Diet Lys level effect considered significant at p ≤ 0.05 and R 2 ≥ 0.25. 2 Diet Lys concentration (analyzed) on a dry-weight basis. 3 Negative basal diet, -Basal (D1), was not supplemented with Lys, Met, or Thr and measured 1.93 g Lys/100 g diet from intact protein 4 Models are described in Table 3, footnote   4 . NR denotes "no relationship", i.e., p > 0.05 and R 2 b 0.25 for any regression explored. 5 Model parameters and plateau levels are defined in Table 3 , footnote 5. 6 Monotonic function, i.e., no local maxima or minima; protein retention efficiency inflection point at x = 3.00 g Lys/100 g diet.
We also found that HSI decreased with increasing dietary Lys, and that a higher level of Lys than that in the muscle profile was required to minimize liver size as opposed to maximize growth. Espe et al. (2007 Espe et al. ( , 2008 and Gaylord and Barrows (2009) noted higher liver weight relative to body weight at deficient levels of the amino acids of interest, presumably from excess energy deposition as suggested by Rathore et al. (2010) , while Espe et al. (2007) found a relatively high level of Lys (4.1-4.9 g Lys/16 g N) required to reach a stable liver size when no significant differences in weight gain were observed for the same range of dietary Lys concentrations. Lys is often considered first limiting in fish diets when substituting alternative proteins of plant origin, particularly corn products, for fishmeal and when the ideal pattern is based on either the whole body or muscle AA profile of that fish. In broilers fed corn-soybean diets, total sulfur amino acids (TSAA), Lys, and Thr are typically first, second, and third limiting (Kidd et al., 1997) . However, in addition to soy and corn gluten, the fishmeal-free diet in our study included a substantial amount (13%) of animal protein in the form of poultry by-product meal (PBM). PBM is recognized as a high quality protein for hybrid striped bass diets with a well characterized profile of amino acids and availability coefficients (Gaylord et al., 2004; Metts et al., 2011; Yu, 2008) . Therefore, the inclusion of PBM in an otherwise plant-based formula significantly influenced the profile of the basal (D1) diet such that Lys was not first-limiting.
Instead, several results of the current study corroborate the prediction that Met was first-limiting. First, Lys retention was much lower in the unsupplemented basal diet than in the supplemented diets, whereas Met retention exhibited the opposite effect. Secondly, Lys retention decreased exponentially with increasing diet concentration, whereas, Met retention exhibited a very slow linear decline as dietary Lys increased five fold. If Lys were first limiting we would not expect Lys retention of a completely unsupplemented diet and putatively Lys deficient, to increase in the next diet of the series (D2) in which Lys level remained the same but Met and Thr were added, unless one of the two added amino acids were first limiting. Grisdale-Helland et al. (2011) observed that when all other amino acids were balanced in diets for Atlantic salmon in which Lys was first limiting, Lys retention was slightly higher, not lower, in the Lys deficient state and decreased in a slow linear fashion with increasing dietary Lys concentration. The fact that Met retention dropped from 68% in the unsupplemented diet (D1) to 37% in the supplemented basal diet (D2) in which only Met and Thr were added (no added Lys) also indicates that the target level of Met may have been supra-optimal. This result might ensue if the level of Met in the ideal protein overestimated the true requirement and/or the levels and/or availabilities of Met in the actual protein sources significantly differed from those in our current ingredient database. Boisen et al. (2000) point out that estimates of TSAA requirements depend in part on chemical analyses that are very susceptible to degradation during acid hydrolysis leading to an overestimate of the requirement. Also, fairly precise knowledge of amino acid availability in feedstuffs relative to their requirements is required for accurate supplementation of diets (Boisen et al., 2000) . Hence, the constant refinement of our database (Barrows et al., 2011) of nutrient composition and availability coefficients over the long run should provide more accurate supplementation targets. Grisdale-Helland et al. (2011) found that retentions of protein and the sum of the EAA followed quadratic functions with maxima at the optimum Lys level for their dietary formula. Although protein retention in our study did not show a clear maxima, the R95-R99 levels of Lys required to maximize total diet energy retention and protein accretion closely bracketed (≈3-4 g Lys/100 g diet) the level of Lys suggested by HSB (3.5 g Lys/100 g diet) and trout muscle (3.9 g Lys/100 diet). Moreover, the level of Lys intake required to sustain maximal protein deposition in Atlantic salmon (0.12 to 0.16 g Lys/fish/d) was nearly identical to our results (0.10 to 0.16 g Lys/fish/d), even though we found a strong quadratic relationship with respect to Lys in the diet, whereas Espe et al. (2007) fit an exponential model to protein accretion in Atlantic salmon. It should be noted that there is no onus that a particular model and its estimated parameters have a direct underlying physical or biological significance (Ratkowski, 1990) ; nevertheless, the cubic model found parsimonious to most of the retention efficiencies reasonably tracts expected retention in the region of dietary Lys closely bracketing the optimum. In this scenario, one might expect retention efficiency to be slightly higher in the Lys deficient state, decline rapidly to a minima at a low intermediate but deficient dietary Lys, increase again to a maxima when the diet level is replete, then decline rapidly as Mercer et al. (1989) suggested when Lys concentration in the diet becomes inhibitory.
It is interesting that His response was both quadratic with respect to dietary Lys and that the R95 level of Lys required to maximize His retention (3.1 g/100 g) was lower than that for Thr (3.7 g/100 g). His was predicted to be fourth limiting in the basal formula at 33% lower concentration than the muscle level, whereas Thr was predicted to be third limiting at 38% lower than the muscle (Table 2 ). The quadratic response and lower R95 requirement of His may be additional indicators of the sensitivity of the ideal protein method for predicting limiting amino acids in a particular formula given a reliable matrix of ingredient digestibility values. However, the R95 level of Lys required to maximize retentions of the branched chain amino acids Leu (not limiting) and Val (sixth limiting) were moderately higher than that of Thr (third limiting) and significantly higher than that of His (fourth limiting) and Arg (fifth limiting). Because Lys is not utilized for the synthesis of other nitrogen containing compounds, using Lys to set the ratio of other dietary EAA could have underestimated the metabolic demands of other essential AA relative to Lys (Boisen et al., 2000) . Since its primary use will be for muscle, particularly muscle myosin (Berge et al., 1994) , Lys might not be first limiting for metabolism and growth, whereas other EAA may be partitioned toward metabolic needs in ratios differing from those predicted by muscle profiles. Indeed, Twibell et al. (2003) applied this principle to optimize the performance of semipurified diets with respect to a fishmeal control for hybrid striped bass by supplementing Thr, Ile, and Trp at levels higher than those predicted by the whole body profile.
Because Lys was not first limiting and a suboptimal level of Met may have been targeted for formulation, additional shifts in the order of limitation and relative interactions among other EAA may have occurred given the mix of feedstuffs we included in the test diets. Interactions between branched chain amino acids (BCAA) and Lys are evident in the literature, for example, and Leu and Ile are particularly imbalanced in corn gluten (Mente et al., 2003) , one of the three protein sources in our diets. Leu in particular interacts with Lys-Arg at the level of absorption (Berge et al., 1998; Mailliard et al., 1995) and is a key regulator of mRNA translation and proteolysis (Kimball and Jefferson, 2004) . Hence, a dietary imbalance in BCAAs can result in poorer utilization of protein in plant products (Hughes, 1985) and poorer lean growth (Choo et al., 1991) that can be ameliorated with proper supplementation (Yamamoto et al., 2004) . Interactions between Lys and Thr, are also known to have opposite effects on weight gain vs. lean muscle growth in poultry (Kidd et al., 1997) , while maintenance requirements in relation to total requirements for Thr are also greater than that for Lys in swine (Moughan, 1995) . Although there were significant differences in Arg retention efficiencies, as previously noted, we did not observe differences (p = 0.332; R 2 = 0.043; data not shown) in whole body Arg concentrations in hybrid striped bass in response to the Lys level of the diet. This is in spite of the fact that Lys:Arg tended to increase with increasing Lys in the diet such that the ratio in diets 8 and 9 were 2.41 and 2.65, respectively, which are about 1.5 to 1.8 times larger than the same ratio in the median range diets (5-7). Nevertheless, competition between Lys and Arg at the level of transport across the brush-border membrane is also well documented (Berge et al., 1999; Vilella et al., 1990) and decreasing muscle Arg content in response to over supplementation of Lys has been attributed to this interaction in Atlantic salmon (Berge et al., 1998) . Berge et al. (2002) later suggested that lysine may inhibit arginine availability in fish muscle tissue as well, based on utilization of U-C 14 arginine injected into the abdominal cavity. Conversely, Zhou et al. (2010) found increasing muscle Lys in response to increasing Arg in the diet of black sea bream. Therefore, our results indicate that additional research is needed to determine the optimum balance between all first four limiting amino acids in fishmeal-free diets for hybrid striped bass in order to maximize lean gain and minimize nitrogen loss. Because graded Lys HCl was added to our diets at the expense of wheat starch, rather than balanced with dietary dispensable amino acids, protein to energy ratio varied slightly among the dose-response diets. There is some suggestion that the efficiency of utilization of first limiting EAA in fish may decrease with increasing dietary protein (Cowey and Cho, 1993) . In the first case, it was important to employ commercial style diets in our feeding trial, which as matter of practice would not be balanced for nitrogen. Secondly, the variation in P:E (gross) was slight (about 20-23 g/MJ) among all test diets in our study, but relatively flat among most of the supplemented diets (D2 to D7). Finally, Lys retention efficiency in swine was not altered by dietary protein concentration (Langer and Fuller, 1996) nor Thr retention in Atlantic salmon fry (Abboudi et al., 2007) . On the other hand, Encarnação et al. (2004) determined that changing the digestible energy content of trout diets altered Lys utilization but not requirement level. More likely, the form of protein provision, intact vs. peptide vs. free amino acid, has a more profound affect on utilization efficiency than the dietary protein level itself (Dabrowski et al., 2010; Yamamoto et al., 2005) .
Because the dose-response diets included a high percentage of soybean meal (45%), it was critical to discern if fish responses to different dietary Lys levels could be confounded with soy effects. Dietary inclusion of soy proteins has been associated with the development of enteritis and non-inflammatory pathologic changes in a number of different fish species including Atlantic salmon, rainbow trout, and common carp (Laporte and Trushenski, 2012; Urán et al., 2008a,b) . Commonly, salmonids exhibit a heightened sensitivity to soy protein inclusion, inducing a variety of host responses ranging from morphological changes of the gut epithelium, marked inflammation, induction of cellular stress responses, and changes in bacterial microbiota (Bakke-McKellep et al., 2007; Urán et al., 2008b) . Indeed, in Atlantic salmon, signs of enteritis were apparent by 7 d of continuous feeding with formulated diets containing 20% soybean meal (Urán et al., 2008b) . Alternatively, in hybrid striped bass, inclusion of high dietary levels of soybean meal, approximately 80% soybean meal for an 8-week feeding regimen, failed to induce any major disruption of intestinal tissues (Laporte and Trushenski, 2012) . Similarly, in the present study, a 45% level of soybean meal inclusion induced no apparent signs of enteritis. The precise mechanisms controlling the differential susceptibility of various food fish species to soybean meal remain elusive. However, enteritis development can be strongly influenced by differing commercial sources of soybean meal, and is exacerbated by increasing water temperatures (Urán et al., 2008b (Urán et al., , 2009 ). In the context of intestinal pathology, the present findings confirm and extend those of previous reports demonstrating that hybrid striped bass may be less sensitive to soybean meal-induced enteritis than salmonids. Future studies should further investigate the apparent differences in sensitivities among taxa, as an improved understanding of the events controlling enteritis development will facilitate the development of improved feeds.
In conclusion, hybrid striped bass muscle appears to present a reasonable pattern of essential amino acid ratios and levels to target for optimizing commercial fishmeal-free diets for this taxon given our current database of ingredient profiles and availabilities. There is also evidence that the ideal protein method in this context is a sensitive indicator of order of limitation with some caveats that may be resolved with more careful analytical determination of TSAA levels and more accurate long-run averages of nutrient availabilities in our growing database. Finally, hybrid striped bass appear to be much less sensitive to soy derived antinutritional factors than other commercial aquaculture species.
